To determine whether genetic factors influence the human antibody response to polysaccharides, we correlated Ig allotypes with the concentrations of antibody to 14 bacterial capsular antigens in 130 actively immunized Caucasian adults. The 88 individuals possessing G2m(n), an allotype antigen of IgG2 subclass heavy chains, had significantly higher postimmunization antibody levels to Haemophilus influenzae type b (Hib) and 8 of 11 pneumococcal types (P < 0.05) than the 42 lacking this antigen. For Hib, pneumococcus type 14, and meningococcus group C, an increased response was observed in IgG class but not in IgM or IgA classes of antibody. The G2m(n) positive individuals also had higher preimmunization antibody levels to most polysaccharide antigens. Total IgG2 concentrations were correlated with the mean postimmunization antibody concentrations to pneumococci (P = 0.005), but this correlation was independent of G2m(n) by multiple regression analysis.
Introduction
Haemophilus influenzae type b (Hib),' pneumococci, and meningococci are major bacterial pathogens. Antibodies to the surface structures of these bacteria, particularly to the capsular polysaccharides, are important in protection against infection (1) (2) (3) (4) . Several lines of evidence suggest that the antibody response to polysaccharide antigens and susceptibility to these bacterial infections may be under genetic control. Children who have recovered from meningitis have lower anti-Hib antibodies than age matched siblings (5) and do not respond to immunization as well as controls (6) . Siblings of patients with meningitis have lower antibody responses to a Hibpertussis complex vaccine than control children (7) . Certain ethnic populations such as native Americans (8) and Alaskan Eskimos (9) have an extremely high incidence of infection by Hib and pneumococci. Hib disease expression also differs in various races. For example, epiglottitis is common in Caucasian and rare in Black, Eskimo, and native American children. There are differences between children with epiglottitis and healthy children in MNS erythrocyte antigen phenotypes (5) . Although socioeconomic and epidemiologic factors may explain some of these observations, genetic factors are also likely to be important.
We have previously shown that the human antibody response to bacterial polysaccharide antigens is correlated with the individual's total IgG2 subclass concentration (10) . The majority of human IgG antibody to certain polysaccharide antigens is of this subclass (11, 12) . The concentrations of IgG2 as well as IgG3 and IgG4 are higher in individuals with particular Ig heavy chain antigens called allotypes (13) (14) (15) . Allotypes are genetically determined variants of Igs that provide a tool for examining the influence of genes located in or near the heavy or light chain loci on the antibody response. In mice (16, 17) and in humans (18) (19) (20) , Ig allotype antigens have been associated with increased or decreased antibody responses to a variety of antigens.
In this study we examined the relationship between human Ig allotype antigens and the antibody concentrations of healthy Caucasian adults before and after immunization with 14 polysaccharide antigens. We were particularly interested in the G2m(n) allotype because of its location on the heavy chain of IgG2 subclass Igs. In Controls were chosen from children with other febrile illnesses observed during the same period, matched to cases by age, sex, race, and neighborhood of residence using the postal code. Individuals with prior culture documented Hib, pneumococcal, or meningococcal infection were excluded. The controls had clinical diagnoses of upper respiratory infections (n = 10), lower respiratory infections (n = 26), viral syndromes (n = 18), fever without a focus (n = 11), aseptic meningitis (n = 4), nonfacial cellulitis (n = 4), and other febrile conditions (n = 25).
Assays. Antibody to the Hib capsular polysaccharide was measured by radioimmunoassay (21) with tritiated capsular polysaccharide kindly provided by Dr. Porter Anderson (University of Rochester, Rochester, NY). The assay was standardized with a standard serum (S. Klein) supplied by Dr. John Robbins (National Institutes of Health, Bethesda, MD).
Antibody to the other polysaccharides was quantitated by radioimmunoassay using radiolabeled antigens from 11 pneumococcal vaccine types (22) in Dr. Schiffman's laboratory, and meningococcal serogroups A and C (23) in Dr. Gotschlich's laboratory.
Class specific antibody to the capsular polysaccharides of Hib, meningococcus group C, and pneumococcus type 14, was quantitated by enzyme-linked immunosorbent assay (ELISA) using the respective antigens coupled to tyramine with cyanogen bromide by the procedure of R. Insel (University of Rochester, Rochester, NY). Briefly, 50 mg cyanogen bromide was added to I mg of polysaccharide in 1 ml 0.1 M NaHCO3, pH 10.2, and the pH was maintained between 10.0 and (26) and IgG2 subclass was assayed by radial immunodiffusion (27) .
Ig allotypes were determined by hemagglutination inhibition in the laboratory of Dr. E. Van Loghem. The following allotypic markers were identified: Glm(z), Glm(a), Glm(x), Glm(f), G2m(n), G3m(g) including glgS, G3m(b) including bOblb3b4b5, G3m(s), G3m(t), G3m(c3), G3m(c5), A2m(1), A2m(2), Km(l), and Km(3). Anti-Rh antibodies were used as the coating antigens except for G2m(n), A2m(1), and A2m (2), where erythrocytes were coated with isolated myeloma proteins using CrCl3 (28).
Statistical methods. Data organization and analysis were performed on the PROPHET system, a national computer system sponsored by the Chemical/Biological Information Handling Program, National Institutes of Health. Before statistical analysis, antibody concentrations were converted to logarithms, which usually normalized their distributions (29) . The geometric mean pneumococcal antibody response, which gives an estimate of the individual's overall pneumococcal antibody response, was defined as the geometric mean ofthat individual's antibody concentrations to the 11 individual types measured (29) . Because this measure is usually normally distributed, it was not converted to logarithms for further statistical analysis. Means were compared by the two-tailed t test for normally distributed values and by the Mann-Whitney test for non-normal values. Correlations, covariance analyses, and multiple linear regression analyses were performed with the logarithms of the antibody concentrations. Allotypes and allotype interactions were analyzed by assigning dummy variables for presence (n = 1) or absence (n = 0) of each allotype or interaction. In the disease susceptibility study the population was stratified by race, focus of infection, and age; and differences in the distribution of allotypes were analyzed by multiple linear logistic regression.
Results
Correlations of human antibody responses to specific polysaccharides. A correlation matrix summarizing the correlation coefficients (r values) between the postimmunization antibody responses to the 11 immunochemically distinct pneumococcal polysaccharides is summarized in Table II 14 and are thus inherited as groups termed haplotypes (28). The most common Caucasian Gm haplotypes are Gm(fb), Gm(f,n,b), Gm(z,a,g), and Gm(z,a,x,g). The phenotypes Gm(f,n,b;z,a,g), Gm(fb;z,ag), Gm(fb), Gm(fn,b;z,a,x,g), Gm(f,b;z,a,x,g), and Gm(z,a,g) permit inference of the genotype Gm(f,n,b;z,a,g) 27 21 Gm(f,b;z,a,g) 13 10 Gm(z,a,x,g) 10 8
Gm(f,b) 9 7 Gm(f,n,b;z,a,x,g)
Gm(z,a,g) 7 5 Gm(f,b;z,a,x,g) ( Table III) . Individuals with the Gm(fn,b) or Gm(z,a,x,g) phenotype, on the other hand, are ambiguous because they could be homozygous or heterozygous for the G2m(n) or Glm(x) allotypes, respectively. For example, the genotypes Gm(f,n,b;f,b) and Gm(fn,b;f,n,b) would both have the phenotype Gm(fn,b). The correlations of postimmunization polysaccharide antibodies with the Ig allotypes were analyzed by stepwise multiple linear regression (Table IV) . The Gm allotypes were analyzed according to the common Caucasian haplotypes as noted above. Only the Gm(fn,b) haplotype was significantly associated with postimmunization antibodies to Hib and pneumococci. Since G2m(n) is almost always associated with GI m(f) and G3m(b), we will subsequently refer to the Gm(fn,b) haplotype as G2m(n) or n. After the effect of Gm(fn,b) was removed from the regression model, Gm(fb), Gm(z,a,g), Gm(z,a,x,g), A2m(2), and Km( 1) had no significant independent association with the geometric mean antibody concentrations to Hib, meningococcus A or C, or the mean of 11 pneumococcal types before or after immunization. G2m(n) allotype and response to immunization. The 88 G2m(n) positive individuals had equal or higher mean antibody concentrations to all 14 polysaccharide antigens both before and after immunization than the 42 G2m(n) negative individuals (Table V) significant difference is found between G2m(n) positive and negative groups (P = 0.0005). When preimmunization antibody levels are compared, antibody to pneumococcal type 8 (P = 0.044) and pneumococcal type 23 (P = 0.011) differed significantly, while five others showed trends (P < 0.10) (Table V) .
To determine which classes of antibody were correlated with G2m(n), we measured the class specific antibody response to capsular polysaccharides of Hib, pneumococcus type 14, and meningococcus group C. After immunization, G2m(n) positive individuals had significantly higher mean IgG class antibody concentrations for all three antigens than G2m(n) negative individuals (Table VI) . No differences were noted for postimmunization IgM or IgA concentrations.
Since preimmunization and postimmunization antibody concentrations were weakly but significantly correlated for all of the polysaccharides measured, we also examined correlations of the G2m(n) allotype by using other measures of antibody response, such as the fold-rise (post/pre) and increase (post minus pre) in antibody concentrations, as well as by using covariance analysis with the preimmunization concentration as the covariate. The G2m(n) allotype effect remained significant by each of these methods (data not shown). A gene dose effect was sought by comparing the antibody concentrations in G2m(n) negatives, known G2m(n) heterozygotes, and individuals with the Gm(fn,b) phenotype. In Caucasian populations, individuals in the last group have a 50% chance of being true homozygotes, i.e., Gm(fn,b; f,n,b) (15) . The corresponding postimmunization mean pneumococcal antibody concentrations in these three groups were 1,217 ng/ ml, 1,785 ng/ml, and 1,956 ng/ml, consistent with a gene-dose effect for G2m(n). A gene dose effect also predicts that individuals with the Gm(fn,b) phenotype should have a bimodal distribution in their postimmunization antibody responses, the higher mode corresponding to the G2m(n) homozygotes, and the lower corresponding to the heterozygotes. A bimodal distribution was indeed found for the mean pneumococcal antibody concentrations after immunization (Fig. 1) . The antibody concentration of the lower mode approximates that of the G2m(n) heterozygotes above.
Frequency of G2m(n) negative phenotype in high and low responders to pneumococcal polysaccharides. The frequency of the low-responder or G2m(n) negative phenotype was compared c, 0 (Table VII) . The low-responder phenotype was infrequent in the high responders and more frequent in low-responders when compared with the total population. The frequency differences were most striking in the top and bottom 10% groups. Ig concentrations. Total IgG, IgM, and IgA concentrations did not correlate significantly with anti-polysaccharide antibody levels. However, the IgG2 subclass concentration was significantly correlated with the postimmunization mean pneumococcal antibody concentration (r = 0.26) (P < 0.005). This correlation was not reduced when the effect of G2m(n) was removed from the multiple regression model as summarized in Table III . As expected from this observation, G2m(n) positive individuals did not have significantly higher IgG2 levels than G2m(n) negatives (geometric means of 1.42 and 1.46 mg/ml, respectively).
IgG, IgM, and IgA concentrations were analyzed in relation to the Ig allotypes. Km(1) positive individuals had a lower mean IgM level than Km(l) negatives (0.65 mg/ml vs. 0.88 mg/ml, respectively, P < 0.02). Other allotype antigens were not correlated with IgG, IgM, or IgA levels.
Frequency of G2m(n) negative phenotype in children with invasive Hib disease and matched controls. The frequency of the common Caucasian Gm haplotypes and Km allotypes in cases and controls are summarized in Table VIII . Only the G2m(n) marker was associated with disease when the whole population was analyzed (relative risk = 1.5, Table IX ). Stratification by race revealed that the G2m(n) marker was relatively uncommon (32%) and was equally distributed in non-Caucasian cases and controls. Among Caucasians analyzed as a whole, infected children were more likely to lack the G2m(n) marker than controls, but this difference did not reach statistical significance (X2 = 2.54, P = 0.1 1) (Table IX) . Stratified analysis by type of infection revealed that Caucasian children with epiglottitis had identical frequencies, of the G2m(n) marker and therefore did not contribute to the difference between infected and control children. Caucasians with nonepiglottitic Hib infections were significantly more likely to lack the G2m(n) allotype than controls (P < 0.05). This difference was most striking in the group aged <18 mo (P < 0.01). The relative risk of Hib infection in low-responder [G2m(n) negative] versus high-responder [G2m(n) positive] individuals was calculated to be 5.1-fold in this group. 
21 (3) 41 (8) 24 (6) 40 (10) * The number of Caucasians with each given phenotype is indicated outside of brackets, and the number of non-Caucasians, within brackets.
Discussion
The finding of highly significant correlations in an individual's antibody responses to a large number of immunologically noncross-reactive polysaccharide antigens (Table II) , provides strong support for the hypothesis that the human antibody response to this class of antigens is under common regulatory control.
We have previously shown (10) , and here confirm, that an individual's total IgG2 level correlates directly with the postimmunization antibody concentrations to pneumococcal polysaccharides. The major finding of these studies is the correlation between the G2m(n) allotype, an antigenic marker on the heavy chain of IgG2 subclass Ig and antibody concentrations to bacterial polysaccharide antigens. Individuals expressing the G2m(n) allotype had higher levels of antibodies to most polysaccharides than individuals lacking G2m(n). Although Gm[23] in their studies) and noted no significant differences in antibody responses. Our studies showed somewhat lower postimmunization antibody concentrations to Hib (P = 0.13), several pneumococcal types, and meningococcus C in individuals with the Km( 1) allotype. The differences between these studies may relate to differences in the type of vaccine used to stimulate antibody responses, differences in the numbers of patients studied, or differences in age, race, or genetic make-up of the study populations.
Our studies do not address the mechanism whereby individuals who lack G2m(n) allotype produce decreased concentrations of IgG class antibodies to polysaccharides. Most of the bacterial polysaccharide antigens used in these studies are likely to be type 2 T-independent antigens. In the murine system, as in humans, these antigens elicit an IgG subclass restricted antibody response (33) that is influenced, at least in part, by genes mapping to the Ig heavy chain locus (16, 34) . A subset of murine B cells bearing the Lyb-5 surface antigen responds to type 2 thymus independent antigens (35) . A second surface antigen, Lyb-7, which maps to the Ig heavy chain locus (36) , is necessary for Lyb-5 bearing cells to be activated by these antigens. An analogous system may be operative in humans.
A variety of other specific mechanisms could be responsible, including enhanced production of IgG2 class antibody (37), or enhanced switching from IgM to IgG class antibody at the B cell level and allotype or idiotype mediated regulation of T cell interaction with B cells (38, 39) . Genes linked to Ig heavy chain allotypes may also affect the rate of degradation of antigens by human macrophages. For example, individuals possessing both HLA-DR3 and the Gm(fn,b) haplotype are slow degraders of sheep erythrocyte antigens (40) . In murine systems, such slow antigen degradation is associated with high antibody responses.
The biological significance of allotype-linked hyporesponsiveness to bacterial polysaccharide antigens remains to be precisely defined. We have shown an increased risk of nonepiglottitic Hib infections in very young Caucasians. It is not clear whether the increased risks of infection extend also to other encapsulated pathogens such as the pneumococcus or to adult populations, particularly the aged, in whom anti-polysaccharide antibody responses may again be marginal (41) . Finally, an important practical corollary of these observations is that evaluations of the immunogenicity of new bacterial polysaccharide vaccines in infants should carefully examine the antibody responses of G2m(n) negative individuals since they may develop a disproportionately high number of subsequent infections.
